Using the magnetic fluids containing polymer additives as the lubricant with couple stress, this article first develops the lubrication model of the journal bearing considering the couple interaction between its squeeze dynamic effect and its rotating effect. The effects of the squeeze dynamic effect of journal bearing, magnetic fluids' cohesion force, and magnetic fluids' couple stress on the lubrication performance of journal bearing (the load-carrying capacity (S) and its attitude angle (c), the friction coefficient (C f (R/c)), and the side leakage (Q)) has also been studied. The results above show that the maximum dimensionless film pressure (P max ) along the bearing centerline increases as the increase of the squeeze dynamical effect parameter (q), magnetic fluids' cohesion force coefficient (g), and magnetic fluids' couple stress parameter (L*); c decreases as the increase of q, the decrease of g, and the increase of L*; S increases as the increase of q, g, and L*; C f (R/c) decreases as the increase of q, g, and L*; Q decreases as the decrease of q, the increase of g, and the increase of L*.
Introduction
The mechanical properties in the viscous base liquids of magnetic fluids by mixing micro-solid particles suspension are usually different from the Newtonian fluids. The major reason is the presence of couple stress, which makes the stress tensor that is non-symmetric. For example, the electric fluids, blood, and lubrication oil with adding micro-high additives are all called as the classic couple stress fluids. 1, 2 Due to magnetic fluids having the similar physical and chemical properties of couple stress fluids, 3, 4 the article mainly investigated the lubrication performance of journal bearing lubricated by magnetic fluids with couple stress properties based on the magnetic fluids' cohesion force and the squeeze dynamic effect combined with the rotating effect of the journal bearing.
Nowadays, the research on the lubrication effect of the journal bearing lubricated by the magnetic fluids (including magnetic Newtonian fluids and the magnetic couple stress fluids), which mainly considered the rotation effect of magnetic fluids' journal bearing (journal bearing using the magnetic fluids as the lubricant). For example, on the magnetic fluids with Newtonian characteristics as a lubricant, Tipei 5 found that the loadcarrying capacity of magnetic bearing and its active region increases as the increasing of the applied magnetic field parameters; Chang et al. 6 found that the rectified magnetic parameters of permanent magnets could decrease the attitude angle of the load-carrying capacity and the side leakage of the bearing, especially obvious on the medium and high eccentricity ratio (e ! 0.5) of the bearing. Magnetic fluids as a lubricant could improve the dynamic stiffness and damping coefficients of the herringbone-grooved journal bearing, which could also make it work more stable. 7 On the magnetic fluids with couple stress characteristics as a lubricant, few works were mentioned. Das 8 pointed out that the increasing of magnetic fluids' cohesion force coefficients and couple stress parameters could increase the maximum load-carrying capacity of journal bearing and decrease its coefficient with the incompressible, electrical, magnetic, couple stress fluids as a lubricant under the application of uniform magnetic field. Nada and Osman 3 analyzed the lubrication effect of magnetic fluids by regarding it as non-Newtonian fluids, and they found that the increasing of couple stress parameters on the particle size could increase the oil-film pressure of the bearing and its load-carrying capacity, along with the decreasing friction coefficient. Meanwhile, the increase in applied magnetic parameters could also increase the oil-film pressure of the bearing and its load-carrying capacity. There have been some other studies on the pure squeeze film effects of journal bearing lubricated by non-magentic fluids with couple stress such as Lin et al. 9 compared the squeeze film behavior of couple stress fluids with that of Newtonian lubricants by theoretical analysis. 10 Mokhiamer et al. 11 took the account of the elastic deformation of the liner into the lubrication effect of journal bearing lubricated by a fluid with couple stress.
According to the research above, it has been got that the application of the magnetic fluids' journal bearing was mainly studied on the steady-state effect of the journal bearing rotating effect. However, the value of bearing load and its direction is variable in practice, which could vary the angular rotation speed (v b ) of bearing and the angular rotation speed (v j ) of journal. Therefore, the lubrication performance of the rotating effect of journal bearing or the squeeze effect of journal bearing alone is incomplete, and the effects of circumvolving in the circumferential direction and squeeze film behavior in the axial direction are considered simultaneously in this article, which is deficient in other research on the magnetic fluids' journal bearing. Based on this, the lubrication performance of the journal bearing lubricated by magnetic fluids with couple stress based on the coupling effect between magnetic fluids' cohesion force of journal bearing and its squeeze dynamic effect will be studied in this article.
The Reynolds equations of magnetic fluids' journal bearing on the lubrication performance have been developed based on Stokes 12 micro-continuum theory, along with the couple effect of the journal bearing rotating effect and its oil-film squeeze dynamic effect. Based on this, the influence of magnetic field with axial symmetric gradient distribution on the magnetic lubrication oil-film pressure and its lubrication performance have been analyzed. The couple relationship of the influence above with the squeeze dynamical effect parameter (q) of journal bearing, magnetic fluids' cohesion coefficient (g), and magnetic fluids' couple stress parameters (L*) have been also been discussed in the article. This is helpful to the optimum design basis of the magnetic fluids' journal bearing for its lubrication performance.
Theoretical analysis

Model basis
The physical model of magnetic fluids' journal bearing is stated in Figure 1 . B is the width of the bearing, R j is the radius of bearing journal, R b is the inner radius of bearing; e = e/c, where c = R b -R j , e is eccentricity distance, and e is eccentricity ratio. The rectangular coordinates (x, y, z) is linked to the bearing with the cylindrical coordinates (r, u, z). The coordinate origin locates at the half-width of the bearing and at the overlap of the bearing center. f is the attitude angle of the offset line O j O b . S is the non-dimensional load-carrying capacity of magnetic fluids' oil film, and c is the attitude angle of S.
Modeling theory
Based on the Stokes 12 micro-continuum theory and Rosensweig et al.'s 13 theoretical research, the momentum and continuity equations of magnetic fluids considering the couple stress in the bearing are derived as follows
where the vectorsṼ, F m , and C b represent the velocity, body force per unit volume, and body couple per unit volume, respectively. Assuming the direction of magnetization is in the direction of the local field, the force per unit volume 5, 7, [14] [15] [16] is
where M g is the magnetization vector, M g is the strength (magnitude) of M g , m 0 is the free space permeability, h m and h m are magnetic field vector and strength, respectively. Assuming that the material properties of magnetic fluids are similar to the ordinary lubricant fluid of journals, magnetic fluids adopted is non-conductive, and there is no induced free current; therefore, rxh m = 0. Equation (1a) becomes 5, 7, [14] [15] [16] 
Considering isothermal conditions and linear behavior of the magnetic fluids, M g = X m h m , the magnetic fluids' cohesion force is F m = m 0 X m h m rh m ; r is the density, p is the pressure, m is the classic shear viscosity, and h is the material constant of magnetic fluids' property with couple stress.
It is assumed that the body moments are neglected, the fluid inertia is small, and the fluid film is thin compared with the journal radius; the curvature of the fluid film is neglected at the application of hydrodynamic lubrication. Equations (1) and (2) reduce to
The boundary conditions at the bearing surface are
The boundary conditions at journal surface are given as
where U = vR j + vR b and V = ∂(h)=∂t. Equations (5b) and (6b) mean that the tangential component of couple stress tensor along the solid boundary equals to zero.
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Integrating equations (3a) and (3c) subject to the boundary conditions of equations 5(a), 5(b), 6(a), and 6(b), the fluid velocities in the bearing can be obtained as follows Figure 1 . Magnetic fluids' journal bearing and its magnetic field with axial symmetric gradient distribution (arrows show the direction of the magnetic field and its strength).
where l = ffiffiffiffiffiffiffiffiffi h=m p , F mx and F mz are the magnetic fluids' cohesion force components in the circumferential and axial directions, respectively. The applied magnetic field with axial symmetric gradient distribution was considered in the article; therefore,
Substituting equations (7a) and (7b) into equation (4) and integrating with respect to the oil-film thickness y based on the boundary conditions (5a) and (6a), the generalized Reynolds equation (8) for the lubrication performance of magnetic fluids' journal bearing considering the couple interaction among the squeeze effect, the rotating effect, and the cohesion force of magnetic fluids' oil film can be derived as follows
where
where l tends to zero, and the function g(h, l) yields h 3 . As a result, equation (8) reduces to the magnetic Newtonian fluids case. 17, 18 Equation (8) is a modified Reynolds equation, which can be given in dimensionless form of equation (10) using v Ã = v À 2 df=dt ð Þand the following dimensionless variables of equation (9) are introduced
where H = 1 + e cos u, and v Ã is the effective angular velocity.
Thus, equation (8) becomes
where the four terms in the right of equation (10) represents the four effects of magnetic fluids' journal bearing and its load-carrying oil film: À e sin u is the rotation effect caused by angular velocity v, (2e=v) sin u(df=dt) is the rotation effect caused by the velocity df=dt along the vertical direction of the offset line O j O b at the journal center, (2=v) cos u(de=dt) is the squeeze dynamic effect caused by the velocity de=dt along the offset line O j O b at the journal center, and
Þis the magnetic field effect of magnetic fluids' cohesion force caused by the oil film under the applied magnetic field. Meanwhile,
is the magnetic fluids' cohesion force coefficient caused by the applied magnetic field, and h mc is magnetic strength at the middle section along the axial direction, and X m is susceptibility of magnetic fluid.
Combining the right first term of equation (10) and its right second term together
, and q = (2=v Ã )(de=dt), the dimensionless form of Reynolds equation (10) can be obtained as follows
where the right first term and second term of equation (10) are the rotation effect caused by v Ã ; q is the squeeze dynamic effect parameter, and it includes the partial rotation effect caused by the effective velocity v Ã and the squeeze dynamic effect caused by the velocity de=dt along the offset line OjOb at the center of bearing journal.
The magnetic field is the symmetric gradient distribution along the axial direction from the middle section to the two ends of bearing in the following equation (13) 
Then, the dimensionless form (equation (14)) of equation above is given as
where the magnetic field distribution, (.B=2, \ À B=2), is not considered because the distributed range of magnetic fluids is only observed at ½ÀB=2, B=2; b = h me =h mc is the ratio of the magnetic strength (h me ) at the end section to the magnetic strength (h mc ) at the middle section and b 2 ½0, 1); and B is the width of the journal bearing.
Magnetic field distribution parameter b determines the distribution gradient of the magnetic field. In order to obtain the supporting magnetic fluids' cohesion force and the positive resultant load-carrying capacity in this study, the negative gradient magnetic field (∂H m =∂Z\0) distribution from the middle section to the both end sections is required. 19 According to equation (14) , when b is 1.0, there is no gradient magnetic field (∂H m =∂Z = 0) change and equations (8) and (10) will turn into the classical Reynolds equation with removing the induced magnetic term of magnetic fluids' cohesion force. Reversely, when b is more than 1.0, there is a positive gradient magnetic field (∂H m =∂Z.0) from the middle section to the both end sections, which will result in weakening of the forming of magnetic fluids' cohesion force and decreasing of the lubrication performance (the attitude angle (c), the load-carrying capacity (S), the friction coefficient (C f (R/c)), and the side leakage (Q)) of bearing.
The relationship between the magnetic term (∂((H m ∂H m =∂Z))=∂Z) in equation (12) and the axial bearing distance (Z) for different values of b is shown in Figure 2 . For b = 1.0, it can be seen that the magnetic term is zero, and no magnetic fluids' cohesion force has been got. For b = 0.6, 0.4, 0.2, 0.0, except for having the increase in the values of the negative magnetic term at the middle section, there is also increase in the values of the positive magnetic term at the two end sections. For b = 0.8, the magnetic term is negative along the whole bearing with improving the positive induced magnetic fluids' cohesion force and the bearing performance. With this, the b will be set to 0.8 in this article, and then, the profile of the designed magnetic field with b = 0.8 can be further seen in Figure 3 .
The boundary conditions for the film pressure are
where u Ã is the location of the film rupture or the starting of the cavitation zone.
Lubrication performance analysis of the bearing
Load-carrying capacity Thus, the dimensionless magnetic load-carrying capacity (S) and its attitude angle (c) are given as
Friction coefficient
The shear stress 11 along the journal surface is t = m ∂u ∂y
Substituting equation (7a) into equation (18) 
The dimensionless friction force can be obtained by integrating the shear stress around the journal surface and written as
The friction coefficient of journal bearing based on equations (17) and (20) can be obtained as follows
Side leakage flow
The side leakage flow (q E ) of magnetic fluids' journal bearing is given in equation (20) by integrating the axial velocity component (w)
Then, the dimensionless side leakage (Q) can be written as
where Q = (2q E )=(BR b cv).
Numerical analysis
Equation (12) was solved numerically using a finite difference scheme (template shown in Figure 4 ). The field of solution is divided into 128 intervals in the circumferential direction and 60 intervals across the bearing axial direction (length direction). Consequently, each intersection of these dividing lines is to give a mesh size of 129 3 61 points. Applying the central difference approximation for derivatives, equation (12) becomes
Du and DZ are the mesh spacings in the circumferential and axial directions, respectively. For having a higher calculation accuracy, the Gauss-Seidel method under relaxation was used to solve the difference approximation of equation (24), and then, the pressure distributions can be obtained. The iterative procedure is terminated when the difference (t) in the successive iterations becomes less than the predefined tolerance in equation (26) 
Results and discussion
From the solutions to the equations above, the lubrication performance of magnetic fluids' journal bearing with couple stress can be examined. The magnetic fluids' cohesion force coefficient (g), magnetic fluids' couple stress parameter (L*), and bearing construction parameters as well as operating parameters of the bearing are listed in Table 1 and used in the discussion.
From Figure 5 , it shows that the maximum dimensionless film pressure clearly increases as g increases, and the pressure value for magnetic fluids' journal bearing with magnetic fluids' cohesion force is higher than that for magnetic fluids' journal bearing with no magnetic fluids' cohesion force (g = 0.0) by about 7.1%, 18%, and 40.3% for g = 0.05, g = 0.1, and g = 0.2, respectively. From Figure 6 , there is a gradual decrease in the size of the cavitation region as g increases. Especially in Figure 6 (d), where g = 0.2, a narrow limited region is formed between two active regions: the left active region is extended from conventional active region, and the right of it is caused by the pure magnetic effect.
From Figure 7 (a), it can be seen that the values of maximum dimensionless centerline pressure increases clearly with the increase in squeeze dynamic effect parameter (q) by a ratio of about 2 times at q = 0.1 and 10 times at q = 1.0 than for q = 0.0, which results from the increase of hydrodynamic force caused by increasing q. From Figure 7(b) , it can be seen that the values of maximum dimensionless centerline pressure increase with the increasing of L* for magnetic fluids' journal bearing by a ratio of about 1.5 times at L* = 0.2 and 2 times at L* = 0.4 than for L* = 0.0, which results from the increase of hydrodynamic force caused by increasing L*. It also shows that the maximum centerline pressure of magnetic fluids' journal bearing with cohesion force (g = 0.2) increase obviously than those of magnetic fluids' journal bearing without cohesion force (g = 0.0) in Figure 7 .
The effect of g and q on its lubricating performance (c, W, C f (R/c), and Q) of magnetic fluids' journal bearing with/without couple stress are studied as follows.
In Figure 8 , it can be seen that the attitude angle (c) first increases and then decreases as the increase of e for different g, L* with the constant of q = 0.1, 0.5, (12) and (16), at low eccentricity ratio (e = 0.1-0.3), the increasing reason of c mainly results from the couple effects of the squeeze dynamic effect (q cos u) of q, the rotation effect of bearing (À e sin u), and the cohesion force effect of magnetic fluids ((1=6)g(g=∂Z)(G(H, L)H m (∂H m =∂Z)) causing a larger increase in S V than that of S p . On the contrary, at moderate and high eccentricity ratios (e = 0.4-0.8), the decreasing reason of c mainly results from the couple effects of q cos u, Àe sin u, and ((1=6)g(g=∂Z) (G(H, L)H m (∂H m =∂Z)) causing a smaller increase in S V than that of S p . From Figure 8(a) , the figure shows that the magnetic fluids' journal bearing with cohesion force has a higher value of c compared with those of magnetic fluids' journal bearing without cohesion force as g increases especially at the low values of e, which mainly caused by the smaller cavitation region due to the magnetic field action. From Figure 8(b) , it presents the c of magnetic fluids' journal bearing with squeeze dynamic effect (q 6 ¼ 0) obviously decreasing than that of magnetic fluids' journal bearing without squeeze dynamic effect (q = 0) by increasing q especially at the low values of e. The decreasing reason above mainly results from the squeeze dynamic effect of q causing a smaller increase in S V than that of S p . It is also shown that the journal bearing lubricated by magnetic fluids with couple stress (L* = 0.2) has lower values of c compared with the journal bearing lubricated by magnetic fluids without couple stress (L* = 0.0) especially at the moderate and high values of e in Figure 8 . It can be deduced that the magnetic fluids with couple stress as a lubricant can increase the high stability characteristics of journal bearing especially at the moderate and high e conditions. From Figure 9 (a), it is clear that the dimensionless load-carrying capacity (S) of magnetic fluids' journal bearing with cohesion force (g 6 ¼ 0) leads to a slight increase compared with magnetic fluids' journal bearing without cohesion force (g = 0), as magnetic fluids' cohesion force coefficient (g) increase, which is mainly caused by the smaller cavitation region of magnetic field action especially at low value of e where the hydrodynamic effect is small. At the higher value of e, the hydrodynamic effect is dominant and the magnetic effect can be neglected. From Figure 9 (b), it can be seen that the S of magnetic fluids' journal bearing with squeeze dynamic effect (q 6 ¼ 0) increase clearly than those of magnetic fluids' journal bearing without squeeze dynamic effect (q = 0) as q increases especially at high value of e. It is also shown that the S of journal bearing lubricated by magnetic fluids with couple stress (L* = 0.2) is obviously greater than those of journal bearing lubricated by magnetic fluids without couple stress (L* = 0) in Figure 9 , which can be deduced that the magnetic fluids with couple stress (L* = 0.2) as a lubricant can improve the load-carrying capacity of magnetic fluids' journal bearing with squeeze dynamic effect.
Equation (20) shows that there is no significant effect of magnetic lubrication on the friction force. The increase in oil-film pressure by the magnetic effect does not greatly affect the pressure gradient ∂P=∂u along the circumferential directions of bearing, and nonsignificant change of the friction force is obtained, but there is an increase in the dimensionless load by the magnetic effect. Therefore, the friction coefficient is decreased, and the result is also presented in Figure 10 .
From Figure 10 (a), it shows that the modified friction coefficient (C f (R/c)) of magnetic fluids' journal bearing with cohesion force (g 6 ¼ 0) clearly decreases compared with magnetic fluids' journal bearing without cohesion force (g = 0) as g increases especially at low value of e. The decreasing reason above results from the magnetic field effect of magnetic fluids' cohesion force coefficients causing the increase in magnetic fluids' oil-film load-carrying capacity, and the frictional force almost keeps constant according to equation (20) . From Figure 10(b) , it displays that the (C f (R/c)) of magnetic fluids' journal bearing with squeeze dynamic effect (q 6 ¼ 0) decreases obviously than that of magnetic fluids' journal bearing with squeeze dynamic effect (q = 0) as q increases especially at the low value of e, which mainly results from the squeeze dynamic effect of q causing a larger increase in S than that of F, and it results in the decreasing of frictional coefficient. From Figure 10 , it also shows that there is a lower friction coefficient of journal bearing lubricated by magnetic fluids with couple stress (L* = 0.2) compared with journal bearing lubricated by magnetic fluids without couple stress (L* = 0) especially at low value of e. Equation (23) shows that the side leakage of magnetic fluids' journal bearing is determined as a resultant of two opposite effect. One is the pressure gradient ∂P=∂Z of magnetic fluids' oil film (at Z = 0.5), which is the main cause of increasing the side leakage, and the other cause is the sealing magnetic fluids' cohesion force F mz = m 0 X m H m (∂H m =∂Z) (at Z = 0.5) that reduces the side leakage. Increasing the magnetic fluids' cohesion force coefficient (g) causes increase in the magnetic fluids' oil-film pressure (p) and then causes the increase in its gradient ∂P=∂Z (at Z = 0.5). However, it also causes increase in the sealing force F mz = m 0 X m H m (∂H m =∂Z).
From Figure 11 (a), the magnetic fluids' journal bearing with cohesion force (g 6 ¼ 0) has a lower value of Q compared with magnetic fluids' journal bearing without cohesion force (g = 0) as g increases especially at high value of e, which results from the sealing magnetic fluids' cohesion force of journal bearing. From Figure 11 (b), the magnetic fluids' journal bearing with squeeze dynamic effect (q 6 ¼ 0) has a higher value of Q than those of magnetic fluids' journal bearing without squeeze dynamic effect (q = 0) as q increases, which results from that the hydrodynamic effect increase as q increases. It also shows that there is a lower side leakage flow of journal bearing lubricated by magnetic fluids with couple stress (L* = 0.2) compared with journal bearing lubricated by magnetic fluids without couple stress (L* = 0) especially at high value of e in Figure 11 .
Conclusion
Considering the couple effect between the squeeze dynamic effect of magnetic fluids' journal bearing and its rotation effect, a modeling theory of journal bearing lubricated by magnetic fluids with couple stress based on the magnetic fluids' cohesion force and squeeze dynamic effect combined with the rotation effect has been developed to analyze its lubrication performance. The conclusions are as follows:
1. The maximum dimensionless film pressure (P max ) for journal bearing lubricated by magnetic fluids with/without couple stress increases as the increase of magnetic fluids' cohesion force coefficient (g), squeeze dynamic effect parameter (q), and couple stress parameters (L*); P max for magnetic fluids' journal bearing with cohesion force (g 6 ¼ 0.0) is higher than that for magnetic fluids' journal bearing without cohesion force (g = 0.0) by about 7.1%, 18%, and 40.3% for g = 0.05, g = 0.1, and g = 0.2, respectively. Moreover, the size of the cavitation region decreased as g increases. 2. Attitude angle (c) decreases as the increasing of squeeze dynamic effect parameter (q), the decreasing of cohesion force coefficient (g), and the increasing of coupe stress parameters (L*); the value of c first increases and then decreases as the increase in e when the squeeze dynamic effect of q (6 ¼ 0) exists. 3. The load-carrying capacity (S) of magnetic fluids' oil film increases as the increasing of q, g, and L*; the friction coefficient (C f (R/c)) decreases as the increasing of q, g, and L*; the side leakage (Q) decreases as the decreasing of q and the increasing of g and L*.
It could be concluded from the above that the lubrication performance of magnetic fluids' journal bearing with cohesion force are better than that of magnetic fluids' journal bearing without cohesion force. The lubrication performance of magnetic fluids' journal bearing with squeeze dynamic effect are better than that of magnetic fluids' journal bearing without squeeze dynamic effect. The lubrication performance of journal bearing lubricated by magnetic fluids with couple stress are better than that of magnetic fluids without couple stress as a lubricant.
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